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Estimating the carcinogenic potential ofexposure to diesel-engine ehaust particulates (DEPs) is
problematic. In rats, high concentrations ofDEPs (> 1,000 pg/m3) inhaled over alifetime result
in excess lung tumors. However, data for rats exposed to DEP atconcentrtion not associated
with lung overload are consistent with no tumorigenic effect Individual rat studies have only a
limited number ofexposure groups; therefore, we combined the tumor data from eight chronic
inhalation studies in a meta-analysis. Siatistical analysis identified a tihreshold ofresponse
between 200 and 600 pWg/m3 average continuous lifetime exposure, consistent with biological-
effect thresholds reported byother investigators. Our eposure nse anali ofall rats with
< 600 pg/m3 average continuous lifetime exposure found no tumorigenic effect ofDEP in these
.rats. When Weevalu.ated all ratstuds, t ted for athresholdandforInho
experiments, and expressed the results in terms ofhuman unit risk (UR), we found a negative
maximum-ikelihood human URof-32 3x 10 per micogm percubic mer (m3), but this
was not statisticaly sigaifiny differentfrom zero. Extrapolating.the ratupper 95th percentile
confidence limit to humans gave an upper-bound human UR of9.3 x 106 per Wpn] This
upper-bound human UR, derived from alf ofthedata points (induding1,087 animas belowthe
estimated threshold and 1,433 in the control groups), fills entirelybelowthe range ofestimates
derivedfromlung-overloaded ratsorfromepidemiologyofra dworkers. Ourmet-aalysis of
the low-exposure data in rats does not support a lung cancer risk for DEP eosure at nonover-
load conditions. Average ambient concentrations ofDEP (0-3 pgm/3) are < 1%o the concentra-
tion associated here with a threshold oftumor response in the rat bioassay. Key..wordk. .airpoigu-
tion, exosure respome, inAion toxicoogy, lung cancer, lung oload, multg model, risk
assessment, threshold of response, unit risk Environ Healtb Prspe 107:693-699 (1999).
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Airborne diesel-engine exhaust particles
(DEPs) are small in size and can be inhaled
and retained in the respiratory tract.
Furthermore, chemicals with mutagenic
activity can be extracted from DEP with
organic solvents, which caused concern as to
potential lung cancer risk to humans (1). The
results of both occupational epidemiology
andstudies ofrats exposed to high concentra-
tions of DEP (> 1,000 pg/m3) have been
used in efforts to quantitatively assess DEP
carcinogenicity. In the case of DEP, funda-
mental drawbacks limit the usefulness of
either of these data sources for quantitative
risk assessment, particularly for the low aver-
age ambient concentrations (0-3 pg/m3) to
which the general population isexposed (2).
Epidemiology
Epidemiologic studies of occupational
groups have repeatedly reported weak associ-
ations with lung cancer [reviewed by Bhatia
et al. (3)], but the causal role for DEP in
these associations is in doubt (4,5). Available
epidemiologic studies lack concurrent DEP
exposure data, and surrogate measures of
DEP exposure do notyield a reliably positive
dose response (6,7). Control for smoking in
the epidemiologic studies has been either
absent or inadequate (4,8-13). The odds
ratios reported across occupations with
markedly different potentials for DEP
exposure (3) are unexpectedly similar, and a
recent studyofdiesel-exposed miners (one of
the occupations where DEP exposure is
potentially the greatest) reported a deficit in
lung cancers (14). Thus, the use of diesel-
exhaust occupational epidemiology for
quantitative risk assessment is problematic.
Laboratory Animal Studies
Among laboratory animals (rats, mice, and
hamsters) tested by lifetime inhalation expo-
sure to high concentrations of DEP, only
rats develop lung tumors (15). Chronic
inhalation of DEP at high concentrations
can lead to lung overload, where retention of
particles in the lungs leads to a decrease in
clearance rates, and where there is a progres-
sive increase in the quantity oflung-retained
partides (14). In rats, lung overload leads to
exaggerated lung inflammation and an eleva-
tion oflung tumors, a sequence ofresponses
not seen in other species. Lung tumors in
high-dose rats are believed to arise from the
sequellae of the rat-lung overload and are
not specific to DEP [e.g., excess lung tumors
have been found in rats that inhaled carbon
blackparticles, which are similar to DEP but
have far less extractable organics (16)].
Therefore, the lung tumor response in heavi-
ly exposed laboratory rats is not believed to
be relevant to humans (8,17-22), and the
high-dose rats are not a reliable basis for
DEP quantitative risk assessment.
Mechanistic Evidence for a
Threshold Level in the Rat
Lung-Tumor Response
Under conditions oflung overload, rat lungs
develop tumors in response to many inhaled
insoluble particles, although at low levels of
exposure, when rat lung clearance is not
impaired, the animals do not exhibit exagger-
ated lung inflammation or develop tumors
(15,19). Driscoll et al. (23-25) examined the
inflammatory and mutagenic responses of
rats exposed to various concentrations of a-
quartz, carbon black, or titanium dioxide. In
rats that inhaled 1, 7, or 50 mg/m3 carbon
black for 13 weeks, the authors observed
increases in bronchoalveolar lavage fluid neu-
trophils and mutations in lung epithelial cells
at the two higher exposures but not at 1
mg/m3 (23). When a-quartz, carbon black,
or titanium dioxide was instilled into rat
lungs, mutation data correlated with inflam-
matory responses. Furthermore, inflammato-
ry cells taken from the lungs ofrats exposed
to particles could produce mutations in lung
epithelial cells ex vivor, the particles by them-
selves were not effective in producing muta-
tions in cultured lung epithelial cells. Thus,
mutation effects in rats were dose dependent,
and for particle concentrations that did not
elicit marked inflammation, mutations in
epithelial cells did not occur.
In particle-inhalation studies, a com-
monly used exposure metric is calculated by
multiplying the exposure chamber concen-
tration by the total number of hours per
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week that animals were in the exposure
chamber. For example, rats exposed to 3.5
mg/m3 for 7 hr/day, 5 days/week have an
exposure rate of122.5 (mg-hr)/m3 perweek.
Investigators have consistently noted that,
for exposure to a wide range oflow toxicity
particles [above approximately 100 (mg-
hr)/m3 per week], the lungs ofexposed rats
exhibit responses that are mechanistically
related to tumorigenesis. For example,
Stober and Mauderly (26) described the
onset of clearance impairment at approxi-
mately 100 (mg-hr)/mn per week. Similarly,
Watson and Valberg (27) summarized stud-
ies showing a dramatic onset of neutrophil
influx at approximately 100 (mg-hr)/m3 per
week. Watson and Green (28) also evaluated
the occurrence ofepithelial-cell hyperplasia
in particle-exposed rats and concluded that at
exposures < 70 (mg-hr)/m3 per week, hyper-
plasia was minimal or absent. Also, when
inhaled-partide lung burden is expressed in a
particle surface area metric, a common
threshold in lung tumor response is observed
at a dose corresponding to approximately
100 (mg-hr)/m3 per week [diesel particulate
has a surface area ofapproximately 20 m2/g
(24)]. In terms of continuous rat lifetime
(30-month) average exposure, 100 (mg-
hr)/m3 per week for 30 months would trans-
late into 595 pg/m3 {i.e., [100,000 (jig-
hr)/m3 perweek]/[168 hr/week]}.
Meta-Analysis of
Low-Exposure Rats
For many low-toxicity particles, the over-
loaded rat lung responds with unique cellular
responses, and nonthreshold extrapolation
from high concentration results to low con-
centrations is not valid. However, long-term
bioassays are probably the most useful labora-
tory models for predicting human response.
Thus, we need to focus on the low-DEP-
exposure rats that provide data in the range
relevant to human risk assessment. Previous
attempts to use the rat lung tumor data in
extrapolations to human risk have focused on
individual studies where a finding of no
detectable response in one or two low-dose
animal groups was not considered sufficient
to establish a threshold [reviewed by the
California Environmental Protection Agency
(2), the World Health Organization (11),
Valberg and Watson (29), and Stayner et al.
(30)]. Because > 4,500 rats have been tested
in long-term DEP experiments, ameta-analy-
sis ofall available ratdataas awhole permits a
robust statistical test for the existence of a
threshold and allows a reliable estimate of
tumorresponse in thelow-exposure range.
In view ofthe mechanistic evidence for a
response threshold at approximately 100
(mg-hr)/m3 per week, we directly evaluated
the rat data for statistical evidence of a
threshold in lung tumor response between
high and low exposure concentrations. We
combined eight lifetime studies of DEP-
exposed rats (4,628 animals) and tested
whether the rat lung tumor data are consis-
tent with the absence of a threshold. We
examined the data below the threshold for
heterogeneity with respect to zero-exposure
responses and slope ofthe exposure-response
curve, and appropriately pooled the data on
rat lung tumors from continuous lifetime
average DEP inhalation at concentrations
0-600 gg/m3 (equivalent to 0-100 (mg-
hr)/m3 per week). We used a multistage
Table 1.Summary ofeight studies in which rats wereexposed to diesel exhaust.
Diesel exhaust 30-month average Number of animalswith
particle concentration continuous lung tumors Numberof
Study reference during exposure concentration (benign ormalignant) animals
(exposure duration) (mg/m3) (pg/mi3) Wthoutsquamous cystsa With squamousCystsb examined
Male and female F344 rats
Mauderlyetal.(35) 0 0.0 2 2(0f+2m) 113f+117m
(35hr/week, 30months) 0.35 73 3 3(2f+ 1 ml 111 f+ 112 m
3.5 730 6(2f+4m) 8(4f+4m) 114f+108m
7.08 1,480 18(9f+9m) 29(16f+13m) 108f+119m
Nikulaetal.(16) 0 0.0 3 3(0f+3m) 105f+109m
(80 hr/week, 24months) 2.44 930 13(8f+5m) 17(11 f+6m) 105f+ 105 m
6.33 2,400 38(29f+9m) 55(42f+13m) 106f+106m
lshinishietal.(34), 0 0.0 4(2f+ 2m)c 59f+64m
Takakietal.(38) 0.11 63 3(2f+1 m)c 59f+64m
(96 hr/week, 30 months) 0.41 230 1(0f + 1 m)C 61 f +64 m
1.18 670 5(2f+3m)c 59f+64m
2.32 1,330 3( f+2m)c 60f+64m
Ishinishi etal.(34), 0 0.0 1(1 f+ 0m)c 59f+64m
Takaki etal.(38) 0.46 260 1(of+ 1m)C 59f+64m
(96 hr/week, 30 months) 0.96 550 oc 61 f+64 m
1.84 1,100 4(1 f+3m)c 59f+64m
3.72 2,100 8(3f+5m)c 60f+64m
Brightwell etal. (36) 0 0.0 4 (1 f+ 3m)c 124f+ 126 m
(80 hr/week, 24 months) 0.7 270 1(0 f + 1 m)C 56f+ 56 m
2.2 840 14(11f+3m)c 56f+56m
6.6 2,500 55(39f+16m)c 56f+55m
Lewisetal.(37) 0 0.0 6(f+m)cd 180(f+m)
(35 hr/week, 24 months) 1.95 325 8(f + m)c.d 183 (f+m)
Female Wistar rats
Heinrich et al. (33) 0 0.0 0 0 96
(95 hr/week, 35 months) 4.24 2,800 9 17 95
Heinrich et al. (39) 0 0.0 1 1 217
(90 hr/week, 24months) 0.84 360 0 0 198
2.50 1,100 4 11 200
6.98 3,000 9 22 100
Abbreviations:f,female; m, male.
'Rats with malignant orbenign neoplasms; squamous cysts (lesions identified bythe original authors) notincluded. kRats with malignant orbenign neoplasms; squamous cysts(lesions
identified bytheoriginal authors) included.0Squamous cysts not identified byoriginal authors.dStudydata did notdistinguish males andfemales.
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model to determine both maximum likeli-
hood estimates (MLE) and upper confidence
limit (UCL) estimates for the exposure-
response slope. We tested the sensitivity of
the low-dose exposure-response estimates to
the assumed threshold by using a consistent
dose-response model that included a thresh-
old. We extrapolated our results to human
exposure to yield MLE and upper-bound
values for DEP unit risk (UR). Finally, we
compared our results to those derived from
other methodologies.
Methodology and Results
Se1ction ofdata. For our meta-analysis, we
used studies in which rats were exposed to
whole DEP for 24 months or more, where
the total number of animals examined per
exposure level was > 90, and where the end
points examined induded lung tumors. We
used data on examined animals as reported
bythe original studyauthors, but we exclud-
ed animals sacrificed prior to the completion
of12 months ofDEP exposure.
In the dassification of rat lung tumors,
there has been some debate about the status
ofsquamous keratin cysts, which have been
variously called "benign cystic keratinizing
squamous cell tumors" and "cystic keratiniz-
ing epitheliomas" (31,32). Because the das-
sification of these lesions occurred subse-
quent to the original pathology, we per-
formed our analysis two ways. One analysis
excluded squamous cysts from those studies
where theywere explicitly identified as such,
and our other analysis included squamous
cysts with lung tumors. Because squamous
cysts occur only at elevated exposure con-
centrations, their exclusion or indusion has
no effect on the exposure-response curve
below threshold.
Using these criteria, we identified eight
chronic inhalation studies (16,33-39). Some
studies indude results from animals sacrificed
at interim periods (36,37). The exposure
concentrations and study results are summa-
rized in Table 1, and Figure 1 illustrates data
on the proportion of animals (males and
females combined) with a lung tumor as a
function ofexposure to DEP, using the met-
ric described below. Table 1 lists six studies
on male and female F344 rats and two on
female Wistar rats. The lung tumor column
ofTable 1 shows numbers ofratswith malig-
nant or benign neoplasms, either including
orexcluding lesions identified by the original
authors as squamous cysts.
Because male and female rats may
respond differently to DEP, experiments on
males and females were treated, wherever
possible, as distinct for analytical purposes;
one study (37) did not distinguish male
and female rats. With the male-female
separation, Table 1 lists thirteen distinct
exposure-response experiments in which
rats were exposed to DEP atvarious concen-
trations with various exposure regimes.
However, analyses combining male and
female results within studies came to essen-
tially identical conclusions.
For our DEP exposure metric, we stan-
dardized the different DEP exposure pat-
terns used in the rat studies to a metric that
is proportional to cumulative exposure. Our
metric is the 30-month average continuous
exposure expressed in units of micrograms
per cubic meter. For example, 0.7 mg/m3,
80 hr/week, for 24 months = [(700 pig/m3)
(80 hr/week) (24)]/[(168 hr/week) (30)] =
270pg/m3, continuous 30-month exposure.
Data for all exposure concentrations
(males and females combined) are plotted
on Figure 1, but we also selected low-expo-
sure groups for closer examination. In the
13 experiments shown in Table 1, 10
(35-39), provided 14 low-exposure groups
where the lifetime DEP exposure level was
below approximately 100 (mg-hr)/m3 per
week (< 600 pg/m3, equivalent continuous
lifetime exposure), along with 10 corre-
sponding control groups. These 24 groups
provided 1,212 DEP-exposed rats and
1,123 clean-air-exposed (control) rats. For
these groups, Figure 2 illustrates the com-
bined male and female datashowingpercent
increases or decreases of lung tumors in
comparison to clean-air controls as a func-
tion of DEP lifetime-exposure concentra-
tion from 0-600 pg/mi3.
Statistical examination ofthe datafor a
thresholdin thelungtumorresponse. To test
for the existence of a threshold in tumor
response, we used all 13 experiments given
in Table 1. The metric of DEP exposure is
given in Table 1, column 3. Using standard
maximum likelihood methods, we fitted all
of the lung tumor data shown in Table 1
with a flexible exposure-response model
containing a nonnegative (but possibly zero)
threshold concentration, d. andofthe form:
p= 1 -exp(-adfor d<dt
1 -exp{-[ao+ a (d-d) + a2 (d- a)2
+ a3 (d- d3 + a4 (d- d4]}
for d>dt [1]
where p is the probability for any lung
tumor, dis the exposure concentration, and
the ai> 0 are the parameters of this expo-
sure-response model. MLEs for the thresh-
old for each experiment and for all experi-
ments simultaneously were evaluated, tested
for equality, and tested for deviation from
zero as described below.
This model was chosen to be consistent
with the standard multistage model used by
the U.S. Environmental Protection Agency
(EPA) (40). Thisexposure-responseequation
has aconstantprobabilityoftumorbelowthe
threshold. We subsequently model the
below-threshold response with an
exposure-response equation that allows for
increasing or decreasing probability of
tumors. We could do both together and later
we do so to test for sensitivity to the thresh-
old value. However, when testing for evi-
dence ofa threshold, it is more conservative
-3
a 5e 1iwu 1,50 2,000 Z,500 3,OC
Averagelifetime DEPconcentration(pg/in3)
Figure 1. Rat lung tumor outcome (fraction of ani-
mals with a lung tumor) as a function of lifetime
inhaled DEP concentration (see text for definition
of this dose metric). DEP, diesel exhaust particle.
Data from all eight studies listed in Table 1 (using
the data for alltumors, but notincluding squamous
cysts).
0 100 200 300 400 500 600
Average lifetime DEPconcentration(pLg/m3)
Figure 2. Rat lung tumor outcome (percent
change from control) as a function of lifetime
inhaled DEP concentration. Abbreviations: DEP,
diesel exhaust particle; UCL UR, 95th percentile
upper confidence limit unit risk. Data from the
eight low-exposure groups (< 600 pg/m3 average
continuous lifetime exposure) taken from the
studies listed. The visual appearance of the data
suggests an absence of excess lung tumors from
DEP within the 0-600 pg/m3 concentration range.
Analysis of the data from low-exposure groups
simultaneously (Table 1) using a multistage model
(Equation 3) modified to allow negative slope val-
ues yields a negative (not statistically significant)
linear coefficient (-35 x 10-6 per pg/m3). The UCL
UR, 0.3 x 10-6 perpg/m3, is also shown.
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(more likelyto reject the presence ofathresh-
old) to ignore any evidence of decreasing
probabilityoftumors.
Because there were a maximum of five
exposure groups in any study, five parame-
ters (ao-a4) were used for each study,
although the analysis set many of the para-
meters to zero (i.e., not all the parameters
were needed). We assumed that the observed
tumor response was binomial with a proba-
bility given by the exposure-response model
at the experimental exposure; the same pro-
cedure is used by the EPA for fitting the
multistage model (40). The model parame-
ters were adjusted by comparing the model
prediction for tumor probability, p, to the
actual number of tumor-bearing animals, r,
in each exposure group oftotal size, n. That
is, for each exposure group in which r of n
animals were observed to have a tumor, the
loglikelihoodwas computed as
rln(p)+(n-r)ln(l-p) [2]
where p is obtained from the exposure-
response model at the relevant exposure con-
centration, and the total loglikelihood is the
sum of such terms for each exposure group
ofeveryexposure-response result.
All 13 experiments were fitted with
exposure-response equations, allowing dif-
ferent parameters and threshold concentra-
tions for each setofresults. In all cases the fit
was adequate, i.e., the assumed model was
not rejected by a test using twice the change
in maximum log likelihood (2ALL) from its
value when p was set equal to rin for every
group. The analysis set many ofthe parame-
ters to zero, and some were not uniquely
specified by such a procedure-equally good
fits may be obtained with different combina-
tions of parameter values when a change in
one parameter may be exactly compensated
byachange in others. However, adopting this
approach allows the greatest freedom in fit-
ting the results and minimizes anyconstraints
caused by the selection ofa particular expo-
sure-response shape. Because only the thresh-
old concentration dtwas of interest in this
phase ofouranalysis, no attemptwas made to
determine whether anyparameters other than
dtwere homogeneous across experiments.
The MLE for the threshold concen-
tration in each experiment individually and
the MLE for all experiments together are
shown in Table 2 for the case where squa-
mous cysts are included. Where there is a
range of possible values for the MLE, the
point estimate shown is the lowest maximum
likelihood (ML) value. When all experiments
were assumed to have the same threshold
(thehomogeneity assumption), 2ALL = 1.51,
which is notsignificantwhen tested using the
standard likelihood approximation of treat-
ing 2ALL as a X2 variate. Thus, the experi-
ments are all statistically consistent with a
single threshold of512 pg/m3, in good agree-
ment with histopathology data. However,
the set ofexperiments is not consistent with
a threshold of zero. Setting the threshold
equal to zero gives 2ALL = 5.73 (compared
with the ML for asingle threshold), withp =
0.017 (one-sided). Figure 3 shows the likeli-
hood profile for the threshold concentration
for the analysiswithsquamous cysts included
(greenline) orexcluded (blue line).
The combined data are all statistically
consistent with a single non-zero threshold
near 500 pg/m3 in the exposure-response
curve; the MLE was 512 pg/m3 with squa-
mous cysts included and 478 pg/m3 with
squamous cysts excluded. This threshold is
statistically different from zero-the expo-
sure-response curves are not consistent with
the absence ofathreshold.
Table 2. MLEsfor a threshold DEP concentration (lifetime average) in lung tumor response.
MLE pointestimate,
lowestvalue Range for MLE
(DEP, pg/m3) when MLE is not unique
Individual studies Female Male Male and females (DEP, pg/m3)b
Mauderly etal. (35) 0 47 0 -c
Nikula et al. (16) 0 0 0 0-approximately 291
Takaki et al. (38) 0 234 234 _c
Ishinishi et al. (34) 549 549 549 c
Brightwell et al. (36) 267 267 267 267-approximately 470
Lewis etal. (37) - - 0 0-325
Heinrich etal. (33) 0 - 0 0-2,797
Heinrich et al. (39) 360 - 360 360-approximately 610
All studies simultaneously - - 512 -c
Abbreviations: DEP, diesel exhaustparticle; MLE, maximum likelihood estimates.
&Shows the threshold assuming itto be identical forthe female and male rats inthe second and third columns. bRange of
parameters to obtain equal likelihood. There are sufficient parameters available in the dose-response equation thatthe
maximum likelihood value for any one of them may not be unique for individual experiments with only a few doses. In
particular, several ofthe individual experiments may befitted with equal likelihood for anythreshold level within a range
ofvalues; for each threshold value within the range,the other parameters may be adjusted to obtain the same value for
the likelihood. The exact range is notofparticular interest therefore, the upper ends have only been approximately eval-
uated in three cases, whereas for two other cases the exact upper end is easy to compute. "Where no range is given,
the MLE is unique.
To evaluate the exposure-response curve
below threshold using the maximum
amount oflow-exposure data, we selected a
lifetime-concentration cutoff of 600 pg/m3
[- 100 (mg-hr)/m3 per week]. This concen-
tration agrees with the biological evidence
discussed earlierfor a threshold in lungclear-
ance impairment and in the onset of lung
inflammation in rats. Moreover, this value is
statistically consistent with the non-zero
threshold derived above. Selecting a cutoff
that is too high will bias best estimates of
effect upward (by including exposure groups
above the threshold, where different mecha-
nisms may act), whereas selecting too low a
value will bias upper confidence bounds
upward (by reducing the effective numbers
ofanimals included). We also provide a rig-
orous analysis that avoids the necessity of
selecting asinglevalue for the threshold.
Derivation ofanMLEanda UCL to the
exposure-response slope. To calculate the
lung tumor effect of low exposures of DEP
in rats, we combined data from studies
where rats had < 600 pg/m3 continuous life-
time concentration exposure. Because no
squamous cysts were reported for exposures
below this concentration, the analysis does
not depend on whether such lesions are
included or excluded. Below this cutoff,
Table 1 shows asubset ofsix studies, indud-
ing 10 control groups (zero exposure) and
14 DEP-exposed groups (exposures ranging
from 63 to 550 pg/imn). Including control
7 _
X _
4 i 0 200? 3M4_5W 6W 70
Threshold exposure(jig/in3)
Figure 3. Likelihood profiles for the threshold con-
centration. Twice the change in maximum loglike-
lihood as a function of threshold concentration in
the exposure-response equation. The green line
shows Equation 1 with squamous cysts included;
the blue line shows Equation 1 with squamous
cysts excluded; and the magenta line shows
Equation 1 above threshold and Equation 3 below
threshold, with squamous cysts included. The
dashed lines and values in thefigure representthe
lower and upper approximate confidence levels.
The slight kink in the likelihood profile at 325 pg/in3
is real, and is due to the Lewis et al. study (37),
with only one non-zero exposure at325pg/m3.
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groups from other studies would not con-
tribute any information because the analysis
independently estimates the background rate
for each experiment. Exposures below equiv-
alent-lifetime-concentrations of 600 pg/m3
are not characterized by an adverse cellular
response or a lung-tumor response. Thus,
our apriorihypothesis is that there could be
either a low-exposure tumorigenic effect or a
low-exposure anti-tumorigenic effect (41).
To estimate the potential effect ofDEP at
lowexposureswith as few assumptions as pos-
sible, we fitted the exposure-response model:
p=iexp[-aoexp(
a ] [3]
In this equation, ao measures background
probability oflung tumors, and a1 is a mea-
sure ofthe slope ofthe dose-response curve.
This functional form was chosen so that at
low doses ao and a1 have effectively the same
meanings as in the standard EPA multistage
model, except that a1 can be negative ifthere
is some antitumorigenic effect; otherwise, no
biological meaning is implied. The function-
al form is linear at low doses and does not
lead to negative probabilities at higher doses.
If ao = 0, then a1 cannot be negative; ifa1 >
0, then ao must be positive. Because > 90%
ofchemicals tested in rodent cancer bioassays
produce a significant tumor decrease in at
least one site in one or more tested groups
(42), ahypothesis incorporating thepossibili-
ty oflow-dose antitumorigenic effects is war-
ranted, in contrast to the presumption adopt-
ed by the EPA. The experimental results
from the low-exposure groups were fit by
maximum likelihood methods identical to
those used in the standard EPA multistage
model-fitting approach (40).
With this approach, we tested the null
hypothesis al = 0 (no effect) versus alternate
hypotheses that DEP increases orreduces lung
cancer risk in rats at these low exposures. We
also estimated aUCL on thecoefficiental.
We fitted Equation 3 independently to
the low-exposure (< 600 pg/m3) groups in
the 10 experiments on Table 1 that had such
groups. We compared the individual results
to results obtained by fitting the low-expo-
sure groups simultaneously. We found that
the UR al is homogeneous across experi-
ments [2ALL = 7.89, p = 0.54 on 9 degrees
offreedom (dr)], with an MLE of-35 x 10-6
per pg/mi.
With a homogeneous al, the background
lung tumor rates for the experiments are sig-
nificantly inhomogeneous (2ALL = 24.7, p =
0.0033 on 9 df); therefore, it would be inap-
propriate to perform any analysis that lumps
the zero-exposure groups together.
The MLE UR a1 (rats) is not statistically
significantly different from zero (2ALL =
2.61, p = 0.11, two-sided). Thus, although
the MLE suggests that the effect oflowexpo-
sures ofDEP is slightly antitumorigenic, one
cannot reject the null hypothesis ofno effect
below the threshold concentration. The 95%
UCL on UR al (rats) obtained by this
approach is 0.3 x 10-6 per pg/m3 obtained by
the usual profile likelihood method (40).
This UCL rat UR is illustrated relative to the
low-exposure datain Figure 2.
The usual EPA procedure for the multi-
stage model is to constrain al to be non-
negative, requiring the (flawed) a priori
assumption that the treatment can only
increase tumor risk. If we follow an exact
analog of the EPA procedure but do not
require equal values for ao in each experi-
ment, the MLE for a1 is zero and the UCL is
6.3 x 10-6per pg/m3.
In summary, our statistical analyses of
low-exposure rat data suggest zero tumor
response for DEP at continuous lifetime
exposure concentrations below 600 pg/mi3.
A rigorous treatment for threshold
selection. Selecting a threshold value and
evaluating only experimental results below
that threshold does not allowfor the effect of
uncertainty in threshold selection. To rigor-
ously account for such uncertainty, we eval-
uated all the data using a combined expo-
sure-response curve that has the form of
Equation 1 above the threshold and Equation
3 below the threshold (with parameter a0 in
Equation 1 selected to join these equations at
the threshold concentration, and with a con-
straint that the slope ofthe exposure-response
curve does not decrease as the exposure
increases across the threshold). With such an
exposure-response curve and induding lesions
reported as squamous cysts, the MLE for the
threshold is 478 pg/m3, with a 95% confi-
dence interval (CI), 155-624 pg/m3. The
MLE for a in Equation 3 (the low-dose
slope) is -15.5 x 10-6 perpg/m3 and the upper
95% confidence limitis4.5 x 10-6 perpg/m3.
The likelihood profile for the threshold
using this combined dose-response curve is
shown as the magenta line in Figure 3.
Approximate confidence limits obtained
from the likelihood profile (cysts included)
are as tabulated in Table 3.
Scaling to human Uk The rat UR value
can be converted to a human URbyassuming
that the appropriate measure of equivalent
dose is mass oflung-deposited DEP partides
Table 3. Confidence intervals on the threshold
diesel exhaust particle exposure.
Interval
(%)
80
90
95
98
Lower
(pg/M3)
262
233
155
81
Upper
(pg/rm3)
585
606
624
645
per unit body surface area per day (29).
Because metabolic rates scale more dosely in
proportion to body surface area than body
weight, body surface area is generally used to
normalize dose in cases where metabolism
mayplayapartin thefinal outcome.
Three factors enter into this conversion.
First, humans breathe more per day than
rats (20 m3/day vs. 0.35 m3/day), giving a
multiplicative factor of 20/0.35, or 57.14.
Second, humans have more body surface
area than rats (surface area is assumed pro-
portional to body mass to the 2/3 power),
giving a multiplicative factor of (0.3 kg/70
kg)2I3, or 1/37.9. Third, deposition efficien-
cy in lung alveoli for inhaled DEP particles
is greater in humans (0.15) than in rats
(0.11) (43), giving a multiplicative factor
equal to the ratio of deposition efficiencies
(0.15/0.11), or 1.364. Overall, the human
UR is obtained by multiplying the rat URby
57.14 x (1/37.9) x 1.364, or 2.06. Ifthe rat
to human extrapolation is unbiased, the
MLE URin humans is -32 x 10-6 perpg/m3.
Application ofthe same scaling factor of
2.06 to the UCL UR for the rat gives an
upper-bound UR in humans of 9.3 x 10-6
per pg/m .
Likewise, a threshold concentration of
478 pg/m3 (CI, 155-624 pg/m3) in rats
extrapolates to an equivalent human lifetime
exposure threshold concentration of 230
pg/m3 (plausible range 75-300 pg/m3).
However, because humans are not known to
exhibit the lung-overload and associated
sequellae observed in rats, these estimates
should be interpreted as alower bound on the
likelyhigherhuman thresholdconcentration.
If, instead of body surface area scaling,
we use a body weight scaling factor (1/233),
the predicted human URis reduced by a fac-
tor of 6.1 relative to the UR obtained from
body surface area scaling. The human MLE
UR using bodyweight scaling would be -5.2
x 10~6 per pg/m3; the upper-bound human
UR would be 1.5 x 10~6 per pg/m3, and the
human lifetime exposure threshold concen-
tration would be 1,400 pg/m3.
Scaling to lung (alveolar) surface area,
which varies as the 3/4 power of body
weight, would give results intermediate
between those for the above two methods for
extrapolation to humans.
Discussion
Meta-analysis of epidemiologic studies for
improving statistical precision is common.
We are unaware ofany previous meta-analy-
sis of the laboratory data on diesel-exposed
rats. Although the rat studies were conducted
in different laboratories with somewhat dif-
ferent protocols, the DEP exposures, the par-
ticle-size parameters, the test conditions, and
tumor outcome assessment were far more
Environmental Health Perspectives * Volume 107, Number 9, September 1999 697Articles * Valberg and Crouch
homogeneous than possible in separate
epidemiology studies. Meta-analysis ofthe rat
data provided an unequivocal demonstration
ofathreshold in DEP exposure response, and
incorporating this threshold provided an
upper limit on DEP lung cancer risk in the
test rangeofconcentrations.
The meta-analytic result for low-expo-
sure rats can be compared and contrasted
with results from other approaches to deriv-
ing DEP UR values. These approaches
include using rat results across all DEP expo-
sure concentrations without taking into
account the possibility of a threshold, and
using a limited number ofthe epidemiologic
studies with attendant assumptions about
historical exposure. We also compared our
results to those obtained assuming no
threshold, but by applying EPA methodolo-
gy for removing highest-dose groups when
the standard EPA dose-response function
does not adequatelyfit the all the data.
Comparison with high-exposure esti-
mates ofDEP UR. The World Health
Organization (WHO) used a different fit-
ting procedure (11), included the high-expo-
sure rats, and included squamous cysts as
tumors. Using the approach we have
described but applying to the low-dose data
an exposure-response curve ofthe form
p= 1 -exp[-(a0+a,a)],
andwith the parameters restricted to be pos-
itive, we find that the MLE for the rat UR
al is zero and its UCL is 7.2 x 10-6 per
pg/m3 when different values for a0 are
allowed for the different experiments. Using
a dose-response curve that has this form at
low doses, the WHO (11) used high dose
results in rats to estimate an upper confi-
dence limit for human UR (geometric mean
offour studies from four separate fits) at 34
x 10-6 per pg/m3 (corresponding to a rat UR
of approximately 16.5 x 10-6 per pg/M3).
The dose metric used bytheWHO was lung
particle burden per unit lung surface.
Testing the WHO mean value for consisten-
cy (using likelihood ratios) with our meta-
analysis gives a probability ofjust 0.0013
(one-sided). The WHO result, derived from
high-dose rats, is biased upward and is
markedly inconsistent with our results based
on low-exposure rats only.
Comparison with epidemiology estimates
ofDEP UR Using data from epidemiology
ofDEP-exposed workers, the California Air
Resources Board (2) obtained a human UR
estimate of 300 x 10-6 per pg/m3. Back-
extrapolation of this result to a rat UR as
described in the text gives approximately
140 x 10-6 per pg/m3. This value is dramati-
cally inconsistent with the results from low-
exposure rats (p < 10-1° using a likelihood
ratio test).
Comparison with EPA methodology of
recursive removal ofhigh-exposure groups.
We consider the analyses we used (threshold
identification plus fitting of low-exposure
groups or fitting of a complete exposure-
response curve with a threshold concentra-
tion) to be the best available for the data
described byTable 1. However, it is ofsome
interest to evaluate the totality of results
shown in Table 1 exactly according to EPA
methodology, presuming that no mechanistic
information about athreshold is available.
A direct comparison among the control
groups in each study shows no significant
inhomogeneity(X2 = 16.4 on 12 dfp= 0.17),
suggesting that all the studies can be consid-
ered as a single large study with males and
females combined at each exposure. In this
scenario, the EPA methodology (40) can be
applied to the resulting set of 22 exposure
groups (the eight control groups being treated
as asingle control group inwhich 21 of1,443
animals had lung tumors). EPA methodology
calls for maximum likelihood fitting of a
dose-response function ofthe form
p= 1 -exp[-(ao +ald+a2a'+
+ akld1)]
at exposure or dose a: wherep is the lifetime
probability of tumor and the a, are parame-
ters that are all constrained to be positive.
The number ofparameters, k, must be cho-
sen as equal to the number ofdose groups. If
the dose-response function does not ade-
quately fit all the data according to a %2 test
described byAnderson et al. (40), the highest
dose groups should be recursively removed
from the analysis until the test is satisfied.
Strict application of this procedure to
the 22 exposure groups ofTable 1 results in
10 of the exposure groups being recursively
dropped from the analysis because offailure
to fit the data, which leaves only those expo-
sure groups with average exposure concen-
trations < 840 pg/m3. With only these expo-
sure groups included, the MLE for the UR,
al, is then zero, with UCL equal to 18.9 x
10-6 per pg/m3 (including the squamous
cysts). This value is higher than that we
derived principally because of the failure to
account for the threshold and because offail-
ure to account for the inhomogeneity with
respect to ao and a1. Our method, which
accounts for both, is thus preferable. In sum-
mary, rigorous application of EPA method-
ology even in the absence ofan assumption
about threshold gives an MLE estimate of
zero for the slope, but with a considerably
higher UCL because offailure to account for
either the threshold or the inhomogeneity
among the various studies. Overall, the
methodwe chose is superior to a blind appli-
cation of a procedural recipe that does not
consider the databeing modeled.
In our extrapolation to humans, we did
not specifically allow for species differences
that are known to exist in the clearance rate
for lung-deposited particles (44). However,
the factor of 2.06, which we used to relate
(i.e., reduce) continuous lifetime rat expo-
sure to DEP to yield an equivalent human
continuous lifetime human exposure, is
conservative. For example, in the WHO
Environmental Health Criteria document
on diesel exhaust (11), the deposition-dear-
ance dosimetric model ofYu and Yoon (45)
was used to scale rat to human exposure.
This model specifically allows for differences
between rates oflung clearance for rats ver-
sus humans, and the factor obtained to relate
(i.e., reduce) continuous rat exposure at low
concentrations to equivalent human lifetime
exposure was 1.66 (11). Had we applied this
factor instead of the 2.06 value, we would
have predicted a lower UR and a higher
threshold concentration for humans.
Conclusions
Our meta-analysis of data from laboratory
rats supports the conclusion that the tumor
responses observed at high levels of DEP
exposure do not occur at lowexposures. Both
the statistical modelingoflung-tumordatawe
presented, as well as studies by other investi-
gators on thecellulareffects associated mecha-
nistically with rat lung tumors, indicate a
thresholdofresponse in the range of160-600
pg/m3 continuous lifetime concentration.
The low-exposure rats provide a quanti-
tative best estimate ofno DEP tumorigenesis
below a threshold of approximately 480
pg/m3. Using all of the available data on
rats, accounting for the threshold and for the
inhomogeneity between experiments, and
extrapolating the result to humans, we calcu-
lated a negative MLE UR of-32 x 10-6 per
pg/m3, which is not statistically significantly
different from zero. The upper-bound UR is
9.3 X 10-6 perpg/m3.
The null result in two strains of rats at
low exposure, plus the null results in long-
term bioassays of DEP-exposed mice (46)
and DEP-exposed hamsters (33,36) give
strong support from the laboratory animal
models for a lack ofDEP carcinogenicity in
humans below lifetime exposure threshold
concentrations at least as high as 230 pg/m3
(plausible range on this estimate is 75-300
pg/m3). A low level ofrisk is also supported
by a comparative potency analysis between
DEP andcigarette smoke (47).
The UCL bound on UR we calculated
from the low-exposure 2-year rat bioassay
data exclude ranges of risk calculated by
other approaches. The upper-bound UR (9.3
x 10-6 per pg/m3) derived from the more
than 4,600 animals (induding 1,433 controls
and 1,087 exposed below the estimated
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threshold concentration) falls entirely below
the range of URs for humans recently esti-
mated from the high-exposure-level rats [UR
= 34.0 x 10-6 per pg/m3; (11)] or from the
occupational epidemiology [UR = 300 x 10-6
per pg/m3; (2)].
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